ABSTRACT. Celiac disease (CD) is a common autoimmune disorder characterized by heightened immunological response to ingested gluten. Certain gene polymorphisms of IL2/IL21 (rs6822844 and rs6840978) and SH2B3 (rs3184504) may influence susceptibility to CD, although the effects remain unclear. We performed a meta-analysis of the associations between rs6822844, rs6840978, and rs3184504 polymorphisms and CD risk. PubMed, EMBASE, and the China National Knowledge Infrastructure were searched. ORs and 95%CIs of each single nucleotide polymorphism (SNP) were estimated using the fixed-effect model if I 2 < 50% in the test of heterogeneity; otherwise, the random-effect model was used. Our meta-analysis included 12,986 CD cases and 28,733 controls from 16 independent samples, and the analysis of each SNP contained a subset of the total. We found that the minor allele T of both rs6822844 (T vs G, OR (2015) = 0.72, 95%CI = 0.67-0.78, P < 0.001) and rs6840978 (T vs C, OR = 0.76, 95%CI = 0.71-0.83, P < 0.001) in IL2/IL21 significantly decreased the risk of CD. However, the minor allele A of rs3184504 (A vs G, OR = 1.18, 95%CI = 1.12-1.24, P < 0.001) in SH2B3 significantly increased CD susceptibility. The estimated lambda values were 0.49, 0.50, and 0.53 for rs6822844, rs6840978, and rs3184504, respectively, suggesting that a co-dominant model of genotype effect was most appropriate for the three SNPs. Our results support associations between the three SNPs and CD and provide a strong argument for further research.
INTRODUCTION
Celiac disease (CD) is a common autoimmune disorder that is characterized by flattened villi on the small bowel mucosa. It is induced in genetically susceptible people who ingest the dietary protein gluten (Di Sabatino and Corazza, 2009) . CD primarily occurs in Caucasians, with a prevalence rate of approximately 1% (Catassi et al., 2014) . Genetic linkage studies have identified that the human leukocyte antigen (HLA) locus is the strongest genetic factor for CD; however, HLA only accounts for 53% of genetic susceptibility, which suggests that non-HLA genes must be involved in disease susceptibility (Sollid and Lie, 2005) .
The first genome-wide association study (GWAS) for CD included 778 cases and 1,422 controls from the UK; the most significant locus outside the HLA region was 4q27, containing the interleukin 2 (IL2) and interleukin 21 (IL21) genes (van Heel et al., 2007) . Both IL2 and IL21 are highly interesting candidate genes for CD susceptibility, because the cytokines they encode are T-cell-derived and promote autocrine T-cell activation and proliferation (Adamovic et al., 2008) . IL21 cooperates with IL2 to promote interferon gamma (IFN-γ) synthesis (Kasaian et al., 2002) . IFN-γ is the dominant pro-inflammatory cytokine inducing T-helper-cell type 1 responses, which leads to the development of celiac lesions. Additionally, IL21 can prolong chronic inflammation and increase celiac damage by facilitating the recruitment of immune cells within the inflamed tissue (Caruso et al., 2007) , the expansion of autoreactive T-cells (King et al., 2004) , and the synthesis of extracellular matrix metalloproteinases (Monteleone et al., 2006) . Two single-nucleotide polymorphisms (SNPs) (rs6822844 and rs6840978), located in the inter-gene region between IL2 and IL21, have been identified as associated risk factors that contribute to the development of CD (van Heel et al., 2007; Hunt et al., 2008; Romanos et al., 2009; Dubois et al., 2010; Maiti et al., 2010; Plaza-Izurieta et al., 2011 , Sperandeo et al., 2011 . However, several research teams have reported contradictory results that the minor T alleles in rs6822844 and rs6840978 are associated with lower risk of developing CD.
SH2B3 showed significant association with CD in a UK GWAS replication study on the eight most strongly associated non-HLA regions (Hunt et al., 2008) . SH2B3 is located on chromosome 12 (12q24) and is also known as LNK. According to evidence from biopsies, it is strongly expressed in the inflamed small intestines of celiac patients, which may reflect leukocyte recruitment and activation (Hunt et al., 2008) . SH2B3 regulates T-cell receptor-, growth factor-, and cytokine receptor-mediated signaling, and may be a potential candidate for CD susceptibility (Fitau et al., 2006) . The rs3184504 is a non-synonymous SNP in exon 3 of SH2B3 and several studies have shown that the minor allele A in rs3184504 may increase the risk of CD (Hunt et al., 2008 , Romanos et al., 2009 . However, the relationship between the rs3184504 polymorphisms and CD remains unclear.
Although a number of studies have revealed associations between the three SNPs described above and CD risk, relatively small sample sizes and varying population characteristics may have confounded the results. We performed a meta-analysis of all the available studies to accurately estimate the relationship between rs6822844, rs6840978, and rs3184504 polymorphisms and CD risk.
MATERIAL AND METHODS

Search strategy
We conducted electronic searches (up to November 2014) of PubMed, EMBASE, and the China National Knowledge Infrastructure (CNKI) databases to identify relevant studies on the associations between rs6822844, rs6840978, and rs3184504 polymorphisms and CD risk. Data extraction was carried out independently by two investigators (MW and WKL). The search terms were as follows: "[(celiac disease or coeliac disease) and (SH2B3 or SH2B adaptor protein 3) and (IL2/IL21 or Interleukin 2/Interleukin 21) and (rs3184504 or rs6822844 or rs6840978) and (gene or allele or polymorphism)]". Searching was limited to human studies published in English or Chinese. We also examined the reference lists of the retrieved articles for additional relevant publications.
Inclusion and exclusion criteria
Association studies were included if the following criteria were met: 1) the studies were on humans; 2) the studies had a case-control design; 3) the studies were on the associations between IL2/IL21 (rs6822844 or rs6840978) or SH2B3 (rs3184504) polymorphisms and CD; 4) the data from the studies were sufficient to allow extraction; 5) the ORs and corresponding 95%CIs were reported; and 6) the studies were written in English or Chinese.
Studies were excluded if 1) the case and control subjects were biologically related; 2) the data were insufficient to fulfill further meta-analysis research; or 3) the studies comprised metaanalyses, reviews, or meeting abstracts.
Data extraction
Two investigators (M.W. and W.K.L.) independently extracted the information from all the eligible papers using a standardized data extraction form. Any disagreement was resolved by consensus. We collected the following information from each study: the name of the first author, the year of publication, the gene locus, the nationality, the male/female numbers of cases and controls, the Hardy-Weinberg equilibrium (HWE), the genotyping method, and the frequencies of the minor alleles.
Assessment of bias risk
Study quality was assessed using a risk-of-bias score for genetic association studies developed by Thakkinstian et al. (2011) (Table S1 ). The assessment considered five domains: information bias, confounding bias, selective reporting of outcomes, population stratification, and assessment of HWE in the control group. Each item was classified as "yes", "no", or "unclear", indicating low risk, high risk, and insufficient information, respectively.
Statistical analysis
We used R version 3.1.1 software (University of Auckland, New Zealand) for our statistical analyses. The HWE in the control group was evaluated using a web-based program (http://ihg.gsf. de/cgi-bin/hw/hwa1.pl) and the study was considered to be in disequilibrium if HWE was not evident (at P < 0.05). We performed both per-allele and per-genotype analyses to estimate the strength of association between the rs6822844, rs6840978, and rs3184504 polymorphisms and CD risk.
Per-allele analysis
We used the Z-test to determine the statistical significance of the pooled ORs, and P values less than 0.05 were considered statistically significant. Heterogeneity across studies was checked using the Cochran's Q-test, and the significance level was set at 0.10. If a P value was over 0.10, a fixed-effects model was selected, otherwise we chose a random-effects model. The degree of heterogeneity was quantified by calculating I 2 values (I 2 < 25%, no heterogeneity; 25% < I 2 < 50%, moderate heterogeneity; 50% < I 2 < 75%, large heterogeneity; and I 2 > 75%, extreme heterogeneity) (Higgins et al., 2003) . The population attributable risk (PAR%) for the minor allele was calculated based on results from discrete-time models (Rossman et al., 2003) .
Per-genotype analysis
For each SNP, we used G and g to represent risk and non-risk alleles, and GG, Gg, and gg to represent the minor homozygous, heterozygous, and common homozygous genotypes, respectively. Two distinct ORs: GG versus gg (OR GG ) and Gg versus gg (OR Gg ) were estimated for each study. The parameter lambda (λ), defined as the ratio of log OR GG to log OR Gg , was used to model the genetic effect (Minelli et al., 2005) . . The value of λ ranges from 0 to 1 and values equal to 0, 0.5, and 1 suggested the recessive (GG vs Gg + gg), co-dominant (GG vs gg; Gg vs gg), and dominant (GG + Gg vs gg) genetic models, respectively. If λ > 1 or λ < 0, heterosis was considered. For λ, the WinBUGS 1.4.3 software (University of Cambridge, England, UK) was used. All models were burnt in using 1,000 iterations, followed by 10,000 iterations to estimate the parameters.
A contour-enhanced funnel plot and Egger linear regression were used to assess publication bias. A contour-enhanced funnel plot displays areas of statistical significance (e.g., < 0.01, < 0.05, < 0.1) on a funnel plot (Peters et al., 2008) . If the supposed missing studies are in areas of statistical non-significance, the asymmetry may be due to publication bias. Conversely, if missing studies are in areas of statistical significance, it is more likely that the asymmetry has arisen from factors other than publication bias (e.g., variable study quality). A sensitivity analysis was performed by omitting each individual study to reflect the influence of the single study on the pooled OR.
RESULTS
Literature selection
A total of 90 studies were identified in PubMed, EMBASE and CNKI. After duplicates had been removed, 66 titles and abstracts were screened and 54 were determined to be ineligible for the reasons given in Figure 1 . After retrieval and review of the 12 remaining studies, we excluded three studies for the following reasons: one concerned other SNPs, one was a review, and one lacked sufficient data. Ultimately, nine studies involving 16 sub-study collections were finally included in this meta-analysis (van Heel et al., 2007; Hunt et al., 2008; Smyth et al., 2008; Coenen et al., 2009; Romanos et al., 2009; Dubois et al., 2010; Maiti et al., 2010; Plaza-Izurieta et al., 2011; Sperandeo et al., 2011) . The characteristics of the included studies are presented in Table 1 , with 12,986 CD patients and 28,733 controls. In summary, six studies focused on the IL2/IL21 rs6822844 polymorphism (van Heel et al., 2007; Hunt et al., 2008; Romanos et al., 2009; Maiti et al., 2010; Plaza-Izurieta et al., 2011; Sperandeo et al., 2011) ; four studies focused on the IL2/IL21 rs6840978 polymorphism (van Heel et al., 2007; Hunt et al., 2008; Dubois et al., 2010; Sperandeo et al., 2011) ; and six studies focused on the SH2B3 rs3184504 polymorphism (Hunt et al., 2008; Smyth et al., 2008; Coenen et al., 2009; Romanos et al., 2009; Dubois et al., 2010; Plaza-Izurieta et al., 2011) . 
Bias assessment
The results of the bias assessment are presented in Table 2 . The risk of bias was highest in confounding bias (8/9; 88.9%), followed by non-compliance with HWE (3/9; 33.3%), and quality control of genotyping (2/9; 22.2%). However, the remaining four indicators showed no risk of bias (0/9; 0.0%), suggesting the relatively high quality of our meta-analysis. 
Association between the IL2/IL21 rs6822844 polymorphism and CD risk
Nine sub-studies, including 4,781 cases and 6,697 controls, explored the association between the IL2/IL21 rs6822844 polymorphism and CD risk (Table 3 ). The pooled frequency of the minor T allele was 0.11 (95%CI = 0.10-0.13) in the CD group (I 2 = 86%, P < 0.001) and 0.15 (95%CI = 0.12-0.17) in the control group (I 2 = 94%, P < 0.001), estimated by the random-effects model. The pooled OR (T vs G) was 0.72 (95%CI = 0.67-0.78, P < 0.001; see Figure 2A ) without heterogeneity (I 2 = 0%, P = 0.448), suggesting that individuals carrying the minor T allele had a 28% lower risk of developing CD compared with those carrying the G allele, and the PAR% for the minor T allele was 3.82%, suggesting that Caucasians carrying the T allele in IL2/IL21 rs6822844 had a reduced risk of developing CD.
A contour-enhanced funnel plot is presented in the first part of Figure 3 . There were two "missing" studies (Maiti et al., 2010; Plaza-Izurieta et al., 2011) , which were both within statistical significance (P < 0.01), suggesting that there was no publication bias. The Egger linear regression test also indicated that there was no publication bias (P = 0.173).
The λ value was 0.49 (95%CI = 0.26-0.83), suggesting that the co-dominant effect was at play (Table 3) . Both OR 1 (TT vs GG, P = 0.891, I 2 = 0%) and OR 2 (TG vs GG, P = 0.467, I 2 = 0%) were homogenous. The pooled OR 1 (0.50; 95%CI = 0.37-0.67) and OR 2 (0.73; 95%CI = 0.67-0.80) values were estimated using a fixed-effects model, which indicated that individuals with TT and TG genotypes had 50 and 27% less risk of developing CD, respectively, compared with those carrying the GG genotype.
Association between the IL2/IL21 rs6840978 polymorphism and CD risk
Eleven sub-studies, including 7,456 cases and 16,090 controls, were examined to determine the association between the IL2/IL21 rs6840978 polymorphism and CD (Table 4 ). The pooled frequency of the minor T allele was 15% (95%CI = 14-17%) in the CD group (I 2 = 87%, P < 0.001) and 19% (95%CI = 17-21%) in the non-CD group (I 2 = 96%, P < 0.001), estimated by the random-effects model. The pooled OR (T vs C) was 0.76 (95%CI = 0.71-0.82; see Figure 2B ) with moderate heterogeneity (P = 0.042, I 2 = 47%), suggesting that individuals carrying the minor T allele had a 24% reduced risk of developing CD than those carrying the C allele, and the PAR% for the minor T allele was 3.44%, suggesting that Caucasians carrying the T allele in IL2/IL21 rs6840978 had a reduced risk of developing CD. There were no "missing" studies; however, the study by Sperandeo et al. (2011) was far from the others in the contour-enhanced funnel plot (Figure 3 ) and we considered this to be a potential cause of heterogeneity. When we excluded this study, I
2 was reduced from 47 to 0% and the pooled OR was 0.76 (95%CI = 0.72-0.80). The Egger linear regression test indicated that no publication bias existed (P = 0.784).
The λ value was 0.50 (95%CI = 0.30-0.82), suggesting that a co-dominant (TT vs CC; TC vs CC) genetic model was most suitable (Table 4 ). Both OR 1 (TT vs CC, P = 0.786, I 2 = 0%) and OR 2 (TC vs CC, P = 0.180, I 2 = 28%) were homogeneous and the pooled OR 1 (0.58; 95%CI = 0.49-0.68) and OR 2 (0.77; 95%CI = 0.72-0.82) values were estimated using the fixed-effects model. The results indicated that individuals with TT and TC genotypes had 42 and 23% reduced risks of developing CD, respectively, compared with those carrying the CC genotype.
Association between the SH2B3 rs3184504 polymorphism and CD risk
Twelve sub-studies, with 11,163 cases and 26,311 controls, explored the SH2B3 rs3184504 polymorphism and CD risk ( Table 5 ). The pooled frequency of the minor A allele was 51% (95%CI = 49-53%) in the CD group (I 2 =85%, P < 0.001) and 47% (95%CI = 45-49%) in the control group (I 2 = 91%, P < 0.001), according to the random-effects model. The pooled OR (A vs G) was 1.18 (P < 0.001, 95%CI = 1.12-1.24, Figure 2C ) with large heterogeneity (P = 0.008, I 2 = 57%), and the PAR% for the minor A allele was 4.84%, suggesting that Caucasians carrying the A allele in SH2B3 rs3184504 had an increased risk of developing CD.
There were no "missing" studies, but we noticed that the Italian sample collection of the study from Dubois et al. (2010) was far from the others in the contour-enhanced funnel plot ( Figure  3) , and we considered that this population might be a potential cause of heterogeneity. When we excluded this sample collection, I 2 was reduced from 57 to 0% and the pooled OR was 1.19 (95%CI = 1.16-1.23). The Egger linear regression test indicated that no publication bias existed (P = 0.857).
The λ value was 0.53 (95%CI = 0.27-0.86), suggesting that a co-dominant (AA vs GG; AG vs GG) genetic model was at play (Table 5 ). The OR 1 value (AA vs GG, P = 0.009, I 2 = 56%) was large and heterogeneous using the random-effects model and the OR 2 (AG vs GG, P = 0.617, I 2 = 0%) was homogeneous using the fixed-effects model. The pooled OR 1 and OR 2 values were 1.39 (95%CI = 1.25-1.54) and 1.18 (95%CI = 1.11-1.26), respectively, which suggests that individuals with AA and AG genotypes have 39 and 18% higher risk of CD, respectively, compared with those carrying the GG genotype.
DISCUSSION
Several studies have considered the rs6822844 and rs6840978 polymorphisms of IL2/ IL21 and the rs3184504 polymorphism of SH2B3 as candidates for susceptibility to CD (van Heel et al., 2007; Hunt et al., 2008; Smyth et al., 2008; Coenen et al., 2009; Romanos et al., 2009; Dubois et al., 2010; Maiti et al., 2010; Plaza-Izurieta et al., 2011; Sperandeo et al., 2011) . However, there is little consensus amongst the results owing to the small sample sizes and the varying population characteristics. We performed a meta-analysis of nine case-control studies, including a total of 12,986 CD patients and 28,733 controls, to assess the effects of three polymorphisms (rs6822844 and rs6840978 in IL2/IL21, and rs3184504 in SH2B3) on CD risk. For the IL2/IL21 gene, the minor T allele in rs6822844 and rs6840978 might be considered a potentially protective factor for CD. For the SH2B3 gene, the minor A allele in rs3184504 increases the risk of developing CD by 18%. The exact role played by rs6822844 G>T and rs6840978 C>T in CD is unclear, but both SNPs, located in the inter-gene region of IL2 and IL21, are convincing candidates for CD pathogenesis (Romanos et al., 2009 ). Both IL2 and IL21 cytokines are T-cell-derived and stimulate T-cell maturation and proliferation (Adamovic et al., 2008) . More importantly, IL21 cooperates with IL2 to promote IFN-γ synthesis, thereby amplifying T helper cell type 1 (Th1) responses, which leads to enterocyte apoptosis by the Fas/Fas ligand (FasL) system, or interleukin 15 (IL-15)-induced perforin-granzyme and NFG2D-MIC signaling pathways (Kasaian et al., 2002) . IL2 is critical in cellular activation, and primary and secondary T-cell responses (Bachmann and Oxenius, 2007) . In addition, it promotes the proliferation of T-cells, B-cells, and natural killer cells (Adamovic et al., 2008) , and may, therefore, promote both the Th-1 and Th-2 cell responses, which induce the apoptotic death of enterocytes and/or enterocyte cytoskeleton changes. Moreover, IL21 can prolong chronic inflammation and favor tissue damage by promoting the recruitment of immune cells, the increase of autoreactive T cells, and the synthesis of extracellular matrix metalloproteinases (Fina et al., 2008) . The SNPs rs6822844 and rs6840978 map to a non-coding region upstream of IL2 and downstream of IL21, and previous studies have shown that they may modulate IL2 and IL21 expression (Maiti et al., 2010; Warren et al., 2011) . In our meta-analysis, the minor rs6822844 [T] and rs6840978[T] alleles had significantly lower frequencies in CD patients compared with the controls, which adds credence to the pathogenetic role of IL2/IL21 in CD.
rs3184504, located in exon 3 of the SH2B3 gene, is a non-synonymous R262W SNP. However, its specific effects on CD have yet to be established. The SH2B3 gene is mainly expressed in monocytes and dendritic cells, and is a good candidate for CD (Su et al., 2004) . SH2B3 is thought to negatively regulate lymphopoiesis and early hematopoiesis (Takaki, 2008) , and may, therefore, reduce the Th-1 cell response in the context of CD etiology. SH2B3-deficiency leads to enhanced production of B-cells, revealing a negative regulatory function of SH2B3 in cytokine signaling and Th-2 cell response (Takaki, 2008) . Given the reported association of the rs3184504[T] allele with higher expression of SH2B3 in CD patients (Plaza-Izurieta et al., 2011) , our meta-analysis showed that the minor rs3184504[A] allele was associated with an increased risk of CD, adding credence to the protective effect of SH2B3 in CD.
The genetic associations between IL2/IL21 and SH2B3 and CD reveal the role of T-cellmediated signaling in the pathogenesis of CD. The innate molecules within CD may in some sense explicate the link between mucosal immunity state and infections in predisposition to CD (Stene et al., 2006) . A better understanding of the pathogenesis of CD could propel the development of pharmacologic agents that would effectually regulate the immune mechanism (Levy et al., 2014) .
There were several limitations to our meta-analysis. First, the selection criteria for the controls were unclear, which might have led to inaccurate estimations. Second, heterogeneity existed in two SNPs (rs6840978 T vs C and rs3184504 A vs G), which may have influenced the pooled results. We evaluated the sources of heterogeneity by omitting the most isolated study in the contour-enhanced funnel plots. For example, in the analysis of the SH2B3 polymorphism and CD risk, when we excluded the Italian population from the study by Dubois et al. (2010) , the heterogeneity disappeared. Therefore, we think that the Italian population may have caused the heterogeneity. However, we were unable to further identify the exact sources of heterogeneity because limited relevant data were provided by the included studies. Third, the number of included studies for each gene (six studies on rs6822844, four studies on rs6840978, and six studies on rs3184504) was low, but the relatively large sample size (12, 986 CD patients and 28, 733 controls) improved the reliability of the results. Finally, we only included articles written in English or Chinese, so we may have missed some relevant studies published in other languages.
In conclusion, our meta-analysis results provide a strong argument for conducting further studies to better understand the roles of IL2/IL21 and SH2B3 in CD pathogenesis. The exact roles played by re6822844, rs6840978, and rs3184504 in CD development require further investigation.
